ABSTRACT: Liquid poly(ethylene glycol) (molecular weight, ∼600 Da) with a low vapor pressure is used as droplets in an ultrahigh-vacuum X-ray photoelectron spectrometer (XPS) chamber with traditional electrowetting on dielectric (EWOD) device geometry. We demonstrate that, using XPS data, independent of the sign of the applied voltage, the droplet expands on the substrate with the application of a nonzero voltage and contracts back when the voltage is brought back to zero. However, the main focus of the present investigation is about tracing the electrical potential developments on and around the droplet, using the shifts in the binding energy positions of the core levels representative of the liquid and/or the substrate in an noninvasive and chemically specific fashion, under imposed electrical fields, with an aim of shedding light on numerous models employed for simulating EWOD phenomenon, as well as on certain properties of liquid/solid interfaces. While the lateral resolution of XPS does not permit to interrogate the interface directly, we explicitly show that critical information can be extracted by probing both sides of the interface simultaneously under external bias in the form of potential steps or direct current. We find that, even though no potential drop is observed at the metal-wire electrode/liquid interface, the entire potential drop develops across the liquid/solid-substrate interface, which is faster than our probe time window (∼100 ms) and is promptly complying with the applied bias until breakdown. No indication of band bending nor additional broadening can be observed in the C 1s peak of the liquid, even under electrical field strengths exceeding 10 7 V/m. Moreover and surprisingly, the liquid recovers within seconds after each catastrophic breakdown. All of these findings are new and expected to contribute significantly to a better understanding of certain physicochemical properties of liquid/solid interfaces.
■ INTRODUCTION
Wettability is a key feature to describe certain properties of surfaces and is usually characterized by the contact angle between a liquid droplet and the surface. Over the decades, several chemical/physical methods have been developed to control the wettability of surfaces for various applications, such as coating, printing, etc. 1, 2 In certain applications, active control of wettability is very crucial. 2, 3 Electrowetting (EW), which is usually inferred from the contact angle changes as a result of application of an external electrical potential, is one method to achieve wettability control. 4, 5 This process can be used to control small amounts of liquids and their movement electronically without any mechanical considerations, which has a great importance in microfluidic devices. 6−8 Some of the other areas benefiting from the EW phenomenon are optical lenses 9, 10 and lab-on-a-chip systems. 11−14 In the classical EW setup, where a drop of a solution is placed on top of a metal electrode and a thin wire of counter electrode is inserted into the drop from the top, the contact angle changes are small and limited because of electron transfer and eventual electrolysis of the solvent. This geometry was further improved by insertion of a dielectric layer between the liquid drop and the metal surface. 15, 16 This latter process is called electrowetting on dielectric (EWOD). 4, 17, 18 In the most frequently used geometry, where the bottom conducting electrode is covered with an insulating layer with thickness t to prevent the faradic currents and other electrochemical reactions, the Young equation combined with Lippmann's eq 1 is used to describe the contact angle in the EWOD process 
where θ is the contact angle under the potential, θ 0 is the contact angle at zero voltage, C is the capacitance, V is the external voltage, γ is the surface tension of the liquid, t is the thickness of the dielectric layer, ε and ε 0 are the relative permittivities of dielectric and vacuum, respectively. It is also common to further coat the dielectric layer with another thin hydrophobic layer (i.e., Teflon or other fluoropolymers) to increase the contact angle for better visualization of the effect. 20−24 Lately, instead of solid dielectric layer between the liquid droplet and underlying electrode, a new approach has been introduced, which uses liquid-infused films as the dielectric layer, where complete electrowetting and reproducible reversibility are achieved to enable capturing transient responses optically. 25 In majority of the EW experiments reported in the literature, water or aqueous salt solutions are used and the ambient medium is either air or another immiscible liquid or oil. Even though water is a useful solvent, it is not good for many applications in microfluidics due to its low thermal stability and high vapor pressure. In recent studies, nonaqueous solvents have also been used, and as in many other research fields, ionic liquids have aroused great interest in EW also. 6,20,21,26−29 Normally, it is difficult to incorporate conventional EW setups into ultrahigh-vacuum (UHV) instruments for X-ray photoelectron spectrometer (XPS) analysis due to the tendency of the drop to evaporate. To overcome this shortcoming, liquids with nearly zero vapor pressure can be used. Previously, we used a similar sample configuration without the dielectric layer between the drop and metal substrate to monitor the generation of carbene species through electroreduction of imidazolium-based ionic liquids. 30, 31 We have also recently reported another XPS study to monitor the charge screening of an ionic liquid across the two co-planar gold electrodes on a porous polymer surface. 32, 33 In the present study, we report on the use of poly(ethylene glycol) (PEG) with an average molecular weight of 600 Da. PEG with a small molecular weight is in its liquid form and has negligible volatility, which makes it suitable for UHV experiments. PEG is a well-studied liquid polymer that has been utilized in many applications ranging from personal care products to food industry. 34 It is also biodegradable and has considerable potential in the use of droplet-based microfluidics for biological applications. 35, 36 XPS is a powerful tool not only for conventional chemical analysis but also for monitoring of the electrical potentials developed on surface structures, from the measured shifts in the binding energy of the representative core levels, which can deliver pivotal information related to electrical double layer (EDL) formation. 37−39 In our previous work mentioned above, we used such information to estimate the capacitance ratio of the top and bottom electrodes of the ionic liquid drop on the Si substrate 30 or the effect of the EDL formation with both temporal and lateral resolutions across a co-planar capacitor having an ionic liquid electrolyte medium. 32, 33 Herein, we present an investigation, which will also focus on extraction of information related to the electrical potential developments on or around the solid/liquid interface, under imposed electrical fields for the direct current (DC) electrowetting on dielectric phenomenon. The use of PEG for XPS analysis brings an added advantage of having both carbon and oxygen atoms with a single chemical state and being devoid of ions, except for impurities. As a result, it is expected that the imposed electric field interacts predominantly with the dipoles of the liquid structure. To our knowledge, this is the first time that XPS is used for tapping into the EW phenomenon and we believe that our findings are crucial to understand and correctly model the EWOD process.
■ EXPERIMENTAL SECTION
PEG was purchased from Merck and used as received. The Si substrate used has a nominal 300 nm oxide layer, which is further coated with a hydrophobic CYTOP (Bellex International Corporation) layer of ∼50 nm thickness. This hydrophobic surface now acts as the substrate on the planar electrode. PEG drop (3 μL) is placed on top of this fluoropolymer using a micropipette, and a copper wire is inserted into the drop as the counter electrode (see Figure 1) . A Thermo Fisher KAlpha X-ray photoelectron spectrometer with monochromatized Xrays of 1486.6 eV is used to collect data for all measurements. Data manipulation is carried out using the Avantage software. A DataPhysics OCA is used for contact angle measurements and drop shape analysis. An external DC bias is applied using a Keithley 2400 SourceMeter to either the droplet or the Si substrate. For pulsed measurements, a Stanford Research System Model DS340 Function Generator is used.
Details of XPS data collection, charging, and/or bias-dependent shifts for both the liquid droplet and the hydrophobized substrate are given in Supporting Information (SI) Figure S1a−c.
■ RESULTS Geometrical Changes. Images of a PEG droplet under +50, +10, 0, −10, and −50 V in ambient air are shown in Figure  2 . A "negative" applied potential corresponds to (−) voltage at the electrode underneath the substrate and 0 V at the inserted wire. The contact angle of the droplet on hydrophobic fluoropolymer is around 89°with no electric field. When the applied potential becomes more negative or positive, the droplet electrowets the surface and decreases its contact angle. However, the contact angle values for negative and positive biases are slightly different. This asymmetry in electrowetting response has been known and can be related to the semiconductor electrode used as one of the electrodes 40 or fluoropolymers used as a dielectric for aqueous solutions. The latter was claimed to be the consequence of permanent trapping of charge carriers at the fluoropolymer surface, which increased with aging of substrates in water as well as in various nonaqueous polar liquids. 41 Hence, the nonaqueous PEG on the CYTOP layer, used in this work, also exhibits an asymmetric EW response. Similar visual changes are also observable when the device is in the XPS chamber.
Since the substrate is coated with a hydrophobic layer, the high amplitude of the applied bias may lead to movement of the drop from its original position together with a change in its shape and contact angle. To reflect the changes that the drop undergoes, we display an aerial map of C 1s peak integrated intensity in Figure 3a , recorded in the snapshot mode of the instrument with 50 μm X-ray spot size and 50 μm step size, when both electrodes are grounded.
Due to the large number of data points acquired, the faster data gathering using the snapshot mode was preferred. However, this mode offers lower spectral resolution. It is also important to be highly cautious since carbon signal is observed on both the substrate and the droplet, together with the presence of the adventitious carbon everywhere. For that reason, we carefully select and fit the sharp PEG peak with deviations in the C 1s position smaller than 0.2 eV from its mean value of 286.4 eV all throughout (see SI for details on data handling). This intensity map of C 1s represents almost a circular shape of the drop in the beginning with some distortion because of the inserted wire electrode to the droplet, convoluted with the angled X-rays illumination geometry. In any case, it is possible to estimate the base area of the drop as ∼5.8 mm 2 . Figure 3b shows the map under +50 V bias. Contrary to the grounded case, there is only one single C 1s peak, which is again at 286.4 eV, because application of the bias causes the carbon peaks stemming from the substrate to move out of the range to ∼50 eV higher binding energy values (see Figure S1c ). At the same time and under the bias, the drop expands, distorts further, and also moves about 0.5 mm without breaking its electrical connection. Basal area of the drop after +50 V is estimated as ∼6.7 mm 2 , which corresponds to 17% increase in the initial area. If we keep the volume of the drop unchanged and simply calculate the effect of this 17% increase in the base area to the contact angle, then it corresponds to ∼12°change from the initial contact angle value (computational details are given in the SI). This change is smaller than the measurements outside the chamber, which might be related to the contact angle saturation phenomenon, since the drop had been exposed to several voltage cycles before these particular data were acquired. 42 Dynamic expansion and contraction of the drop can also be monitored by sequential gathering of O 1s (representing the drop) and F 1s (representing the rigid substrate) regions in the snapshot mode on a point at the drop/substrate interface under successive −50 and 0 V DC excitations. Figure 4 shows the temporal changes of intensities of the O 1s and F 1s peaks. The cycle begins with application of a −50 V, at which the F 1s peak appears around 650 eV, the drop expands, and the intensity of the O 1s peak (at ∼532 eV) increases. We note that the measured position of the F 1s differs about 10 eV from the expected value of 640 eV (690−50), due to (positive) charging nature of the hydrophobic substrate, under X-ray exposure. When the voltage applied is 0 V, the F 1s goes back to its original binding energy position and disappears from the observation window completely and the intensity of O 1s peak decreases but does not disappear completely, since it is wellestablished that liquids leave wedgelike residues on the substrate. 1, 4, 43 These periodic alterations are surprisingly fast, in orders of tens of milliseconds, much faster than the slow (>10 s) ion movements and/or charging events, which will be demonstrated and discussed further in the proceeding sections.
Potential Developments. To improve the spectral quality, we have also acquired data in the scanning mode, which is inherently slower and hence allows analysis of only few selected points on the sample or along a selected line (line scans). Accordingly, while an external DC bias (+50, 0, and −50 V) is applied to the Si electrode, we acquired C 1s XPS data on a selected line starting from the substrate surface, going toward the middle of the drop, as depicted in Figure 5 . Similar information can also be obtained from the O 1s peak of the liquid (not shown).
When both electrodes are grounded, the C 1s region exhibits one narrow (full width at half-maximum = 1.2 ± 0.2 eV) peak at 286.4 eV representing the liquid and another broad feature with multiple components (C−F, C−F 2 , C−O−F, etc.) representing the substrate. When 50 V bias is applied, the binding energy position of the first peak (of the liquid) displays no shift and no broadening with neither the amplitude nor the polarity of the bias, whereas the second broad peak (of the substrate) shifts with the bias. Physical movement of the drop with the bias is also observed due to changes in the lateral position of the drop/substrate interface. Upon reversing the connection, mirroring potential developments are observed, where the C 1s peak shifts promptly with the bias and the F 1s experiences no significant shifts, as given in Figure S5 of the SI. Naturally, the source electrode and the substrate experience binding energy shifts equal to or less (due to charging) than the applied potential depending on its electrical conductivity, while no corresponding shifts are observed on the drop, since it is in contact with the grounded wire electrode. The crucial information lies on the electrical properties of the medium between the two electrodes. In one of our previous publications on a pristine graphene medium, we reported on measurements of the C 1s peak position and showed that it exhibited a smooth and linear binding energy shift across the two electrodes behaving like a simple resistive strip. We also showed that after introducing defects and cracks in the graphene layer on purpose, these linear deviations were lost locally. 44 In a more recent work, we used ionic liquids as the medium between two electrodes and, in this case, the F 1s signal of the ionic liquid exhibited a constant and nonvarying shift across the electrodes. Moreover, the measured amplitude of the shift was dependent on the nature and geometry of electrodes. For instance, with a symmetrical co-planar geometry, where the device had two similar gold electrodes, the binding energy shift was only half of the imposed potential, since the applied potential drop was shared equally by the two equivalent electrode/electrolyte interfaces, which was attributed to the effective screening by the two electrical double layers (EDLs) at the two interfaces. 32 For the asymmetric geometry as in another study, where one of the electrodes was a thin metal wire while the other one was a plate, the shifts were higher or lower reflecting the nature of interfaces and capacities of the EDLs. 30, 31 As shown in Figure 5 , of the C 1s peak signals representing the fluoropolymer (CYTOP) of the substrate and the liquid (PEG), only the substrate complies with the applied −50 and + 50 V biases and shifts and the peak of the drop maintains its binding energy position as in the grounded form.
In the present geometry, one would have expected that EDL formation at the electrode/liquid interface plays crucial roles in dictating the electrical potential developments, but the surprising finding is that the entire potential drop (full bias) materializes only at the substrate/liquid interface. This finding is further supported by the mirrored measurements when the +100 V bias is applied to the liquid drop through the wire electrode, as shown in Figure 6 . More data are given in Figure  S2 of the SI.
As can be evidenced from the figure, the measured binding energy with +100 V bias is 386.3 ± 0.1 eV along the line. Using this simultaneous measurement of the potential developments on the substrate and the liquid of a 30 μm spot on the liquid/ substrate interface, one can observe that electrical fields larger than 10 7 V/m are sustained, without any sign of band bending or spectral deterioration.
Another surprising finding is related to the unexpectedly large region, where the F 1s and C 1s signals of the substrate overlap for ∼200 μm, covering more than six spot sizes (30 μm) of the X-rays used, possibly indicating that a very thin layer of the liquid creeps from the drop toward the substrate, but still in electrical contact with the drop. This may be related to previously reported wedgelike extension of the liquids on the substrate, 43, 45 which by itself is very interesting, since we continue measuring the same potential difference in the region. However, this point lies outside the scope of the present study, but will be the subject of a future work.
Temporal variations using time-resolved measurements also show that development of this full potential drop is faster than 100 ms, as shown in Figure 7 . In the same figure, spectra recorded under open-circuit potential (OCP) conditions are also given, where now, as opposed to the fast potential rise, the potential drop takes much longer time, in orders of several hundreds of seconds. This experiment indicates that the mechanism that develops the potential at the interface is resilient and does not quickly self-discharge. In conventional electrochemical investigations on batteries or solar cells, OCP measurements reveal pertinent information related to the local state of charge, surface photovoltage kinetics, etc. 46, 47 However, the same information cannot be directly extracted from our measurements, since very different processes contribute to the decay of the accumulated charges on the liquid drop, such as the magnitude of the imposed potential, charge accumulation caused by X-rays, photoelectron emission, etc., and we will not discuss the issues any further here.
Measurements leading to extracting the potential developments on and around the liquid drop can be carried out even under very severe conditions, as long as the integrity of the vacuum system is preserved, as demonstrated in Figure 8 , for the case of dielectric breakdown. Here, the surprising finding is that even though the liquid distorts severely and various mechanical movements are visually observable, as shown in the video clip given in the SI, the developed voltage exhibits only small deviations and recovers within seconds. The dielectric breakdown is an important phenomenon limiting the applicability of the EW process, and a huge scientific effort has been devoted to understand and circumvent it. 48−52 Therefore, chemically specific information derivable using our approach can provide a completely fresh investigation perspective.
■ DISCUSSION
The outcome of the measurements made in the previous section brings out several important facts all related to the electrical potential developments on the surface of the liquid drop, which is: (i) fast (<0.1 s rise time), (ii) uniform on the entire drop, (iii) robust (>10 2 s decay time), and (iv) to some extent, resilient even after a hard breakdown, accompanied with a large increase in the current passing (see the SI). Moreover, under very significant electric fields approaching the dielectric breakdown strength, no sign of band bending is evidenced spectroscopically, although a significant current jump can be recorded, as shown in Figure S6b in the SI.
The fast nature of the potential developments points to an associated electronic process 50, 51 although the liquid purposely chosen is predominantly a dipolar one and the uniformity is in stark contrast to the frequently used electrical circuit model for EWOD simulations, reproduced in Scheme 1. As depicted in the scheme, which is similar to that shown in Figure 1 , when a Figure 8 . C 1s spectra recorded at +20 V increments until the onset of the breakdown at +120 V and then at ∼1 min intervals, but still under +120 V. We note that the drop recovers and returns to the fully applied bias within minutes. −100 V bias is applied through the Si electrode while the liquid is grounded, the applied potential should drop across the silicon oxide dielectric layer (∼300 nm) and the top hydrophobic CYTOP layer (∼50 nm, see Figure S6a ) differently and should be inversely proportional to their capacitances. The capacitances can be estimated using the relationship C = ε 0 ·ε/t, where t is the thickness and ε is the dielectric constant, which are 2.1 and 3.9 for the hydrophobic and silicon oxide layers, respectively. 48, 49 This simple back-of-the-envelope calculation gives the capacitance ratio (C h /C d ) as 3.7 and dictates that a very significant voltage drop (>20 V) ought to be measured on the surface of the hydrophobic substrate. In fact, the hydrophobic substrate does display small noncomplying binding energy shifts due to its charging nature, as discussed earlier and also shown in Figure S2b , but these shifts are completely negligible compared to the values obtained using the equivalent circuit model, which calls for serious amendment in the current understanding of certain properties of the liquid/ dielectric interfaces. On the other hand, simple calculation using dielectric strengths correctly predicts the onset of the breakdown voltage to be about 120 V (details of the estimation are given in the SI).
■ CONCLUSIONS
We have investigated a dielectric liquid drop in vacuum for the first time, using two important resources of XPS, mainly its ability to yield: (i) quantitative chemical information and (ii) local information related to potential developments upon imposing electrical fields. Our investigation produced several new findings pertaining to important chemical/physical properties of the liquid. Accordingly, movement of the liquid drop under the influence of applied electrical fields, and accompanying geometrical changes associated, can be recorded and followed over its chemical constituents by XPS, which, in turn, can be related to the contact angle changes at the liquid/solid interface. The potential developments on both the liquid drop and the dielectric substrate can also be followed all the way up to the breakdown of the substrate and even beyond. The liquid complies very quickly (<0.1 s) and adopts the full voltage imposed uniformly on the entire surface of the drop. By simultaneous measurements of the potential developments on the substrate and the liquid on the liquid/substrate interface, one can observe that electrical fields larger than 10 7 V/m are sustained, without any sign of band bending or spectral deterioration. These findings can impact on many of the physicochemical aspects of liquid, interface, and electrochemical sciences. The main objective of the present study has been an introduction of the novel experimental methodology, and it naturally calls for further experimental and theoretical studies to follow up the many issues only superficially touched upon in the present study. Our experimental strategy is simple and can be easily adopted by all XPS instruments, lab-based or otherwise.
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